During an investigation into the digestion of starch by sheep MacPherson (1953) obtained several strains of a Streptococcu8, probably related to S. bovi8, from the rumen. The extracellular a-amylase produced by one of these strains was described by Hobson & MacPherson (1952) , who also studied the extracellular ac-amylase of C(o8tridium butyricum from sheep rumen. The limit of hydrolysis of starch solution and of starch fractions was determined, and also the nature of the main end products of the hydrolysis. The action of these enzymes on starch granules was not reported. Baker, Nasr, Morrice & Bruce (1950) concluded that in pig caecum C. butyricum is the main agent of breakdown of starches, and they showed that amylase was present in cell-free culture filtrates when the organism was grown on starch. Whelan & Nasr (1951) purified the amylase, and showed that it belonged to the group of oc-amylases, but did not determine its ability to degrade starch granules. Nasr (1950a) found that both pig-caecal filtrate containing amylase and filtrates of pure cultures of a strain of C. butyricum isolated from the same source failed to digest starch granules. Cell-free rumen filtrate from sheep also produced no change in the appearance of maize-and potato-starch granules after 7 days of incubation (Nasr, 1950b) .
Both sheep-rumen Clostridium and Streptococcus were found in large numbers when sheep were given diets containing starch (Masson, 1950; MacPherson, 1953) , and both organisms produce amylase when grown on a medium containing soluble starch. It has also been shown that the amylase activity of rumen cell-free filtrate is increased when the quantity of starch in the diet is raised (Nasr, 1950 b) . It might be expected, therefore, that amylolytic rumen organisms would contain either a raw-starch-solubilizing enzyme capable of producing a substrate suitable for a-amylase action, or that a-amylase itself could degrade raw starch. In the present work, purified extracellular acamylases from C. butyricum and S. bovi8 have been tested for their raw-starch-degrading activity, and the extent of hydrolysis of starch has been determined. In addition, two amylase systems prepared from mixed rumen bacteria taken from a wheat-fed sheep have been studied, and their properties contrasted with those of the amylases from the pure cultures.
MATERIALS AND METHODS
Substrates. Maize starch and potato starch were prepared as described by Schoch (1957) . Maltose hydrate was supplied by Thomas Kerfoot Ltd., Vale of Bardsley, Lancs., and was freed from small amounts of glucose and maltotriobe by paper chromatography. Maltotriose was prepared as by Peat, Whelan & Kroll (1956) .
Preparation of ceU-free filtrates. (a) Streptococcus bovis. A culture of S. bovis obtained from Dr P. N. Hobson was inoculated into the medium (10 ml.) described by Hobson & MacPherson (1952) and incubated at 390 for 24 hr. A transfer was made into the same medium (1 1.), and determinations of amylase activity in the supernatant were made at intervals. When activity was maximal (38 hr.) the culture was centrifuged for 30 min. at 40000g.
(b) Clostridium butyricum. A culture of C. butyricum (strain Rowett 7423) was obtained from the National Collection of Industrial Bacteria. Inoculation was made into Robertson's cooked-meat medium at 39°. After 16 hr. a portion (0 5 ml.) was transferred to a modified Beijerinck medium (10 ml.) that had been freshly boiled to remove dissolved oxygen. After 16 hr. of incubation in an anaerobic jar the resulting culture was inoculated into the same medium (2 1.). Amylase activity was maximal at 40 hr.; the bacteria were then harvested by centrifuging for 30 min. at 40000g.
Preparation of ammonium sulphate-purified enzymes. (a) Streptococcus bovis. The cell-free filtrate was treated with ammonium sulphate as described by Hobson & MacPherson (1952) . The final precipitate obtained at a concentration of 35% (NH4)2SO4 (w/v) was dissolved in 0-1M-citrate buffer, pH 7-0 (20 ml.), and freeze-dried. The weight of freeze-dried powder was 1-03 g.
(b) Clostridium butyricum. The enzyme from 1-9 1. of culture filtrate was precipitated with (NH4)2SO4 (Hobson & MacPherson, 1952) and the final precipitate was dissolved in 0 02M-citrate buffer, pH 7 0 (30 ml.), and freeze-dried. The weight of the powder obtained was 3-1 g.
Preparation of starch-purifed amylases. The reducing power associated with the freeze-dried enzyme from C. butyricum interfered in experiments where a large concentration of amylase was required. Further purification of this enzyme and of S. bovis oc-amylase was carried out as follows. A portion (250 mg.) of the freeze-dried powder was dissolved in water (8 ml.) at 00, and maize starch (1 g.) was added. The mixture was allowed to stand in ice-water with occasional stirring for 1 hr. and the starch was then collected by centrifuging at 00. The starch residue was washed once with ice-cold water, resuspended in water (8 ml.) and shaken for 15 min. at 35°. The starch was removed by centrifuging, and the supernatant dialysed overnight against water and stored at 4°.
Preparation of bacterial extracts from rumen contents. Rumen contents were taken from a sheep fitted with a rumen fistula, by suction through a glass tube. The sheep was given 500 g. of wheat and 5 g. of CaCO2 at 7 a.m. each dav during two experimental periods. The change to the wheat diet from the stock diet of equal parts of lucerne chaff and wheaten chaff was made gradually. The samples of rumen contents were taken when the sheep had been feeding entirely on wheat for at least 3 weeks. During the first period on wheat (1961) the count of ciliate protozoa fell rapidly, and none remained when a sample of the rumen contents was removed for preparation of the bacterial extract. After 3 months on the wheat diet the sheep was returned to the normal ration until the second period (1962) when the wheat diet was offered once more. On this occasion no fall in numbers of protozoa was apparent and after 3 weeks on wheat the count of ciliate protozoa had risen appreciably, to 5-7 x 106/ml. of rumen contents. The only species represented was Entodinium.
The sheep was sampled before the daily feed and after a 17 hr. period without food. The rumen contents (500 ml.) were squeezed through surgical gauze and centrifuged lightly (300g) for 15 min. at room temperature. The supernatant was examined for the absence of protozoa and a further centrifuging was carried out when necessary to remove all the ciliates from the bacteria in suspension. The bacteria were sedimented in a Spinco model L ultracentrifuge at 00 for 30 min. at 100000g. The clear supernatant was removed and the bacteria were washed once with a mineral salt solution (Coleman, 1958 Maltase activity. Maltose hydrate (14 mg.) was incubated at 390 with 10 mM-tris-maleate buffer and enzyme in 5 ml. The conversion into glucose was determined with the Shaffer & Hartmann (1921) reagent.
Maltotriase activity. Maltotriose (20 mg.) replaced maltose in the above digest.
Paper chromatography. Portions (0-2 ml.) of the digests were boiled for 5 min. to inactivate the enzyme, and spotted on Whatman no. 3MM paper. Descending chromatograms were irrigated with ethyl acetate-pyridinewater (10:4:3, by vol.). The papers were dipped in silver nitrate-NaOH (Trevelyan, Procter & Harrison, 1950) .
RESULTS
Action of Streptococcus bovis oc-amylase on di8s-solved starch and on starch granules. The cell-free filtrate and the intracellular enzymic extract obtained from S. bovis cultures were incubated with dissolved potato starch, and with maize-and potato-starch granules. The effect of phosphate buffer on the activity of the ammonium sulphatepurified a-amylase was also investigated. The results (Table 1) showed that S. bovis ac-amylase could hydrolyse maize-starch granules rapidly, and that potato-starch granules were also slowly attacked. In the presence of phosphate buffer the rate of hydrolysis of potato-starch granules was increased, but there was no alteration in the rate of hydrolysis of dissolved starch or of maize-starch granules. When starch-purified S. bovis oc-amylase was tested in 0 3M-phosphate buffer there was a small but measurable hydrolysis, which led to a D/R value of 3500, but no hydrolysis of potatostarch granules occurred in tris buffer, showing that the ac-amylase was not responsible.
Dissolved potato starch and maize-starch granules were incubated with purified S. bovis a-amylase at various pH values. To compare the results with those of Hobson & MacPherson (1952) the optimum pH of action of the enzyme on solublestarch solution was also determined by the iodinestain method. The reducing-sugar method indicated optimum activity on both dissolved and raw maize starch at pH 5-8 and the same result was obtained with the iodine-stain method.
The activity of the purified amylase was determined at various temperatures between 300 and 500. The highest activity was obtained at 500, but a temperature of 390 was chosen for subsequent experiments. The dissolved-starch digests contained 0-33 unit of intracellular oc-amylase, 0-2 unit of cell-free-filtrate cx-amylase or0-8 unit of ammonium sulphate-purified extracellular a-amylase. The starch-granule digests contained 7-5 units of intracellular xc-amylase, 4-5 units of cell-free-filtrate oc-amylase, 4 units of ammonium sulphatepurified extracellular oc-amylase or 17-5 units of starch-purified extracellular oc-amylase. All incubations were at 390 and pH 5-8. Table 2 . Relative activity of Clostridium butyricum c-amylase on dissolved starch and on starch granules
The dissolved-starch digests contained 0-07 unit of cell-free filtrate or 0-53 unit of ammonium sulphate-purified extracellular oc-amylase. Maize-starch granules were shaken with 1-4 units of cell-free filtrate or 5-3 units of ammonium sulphate-purified extracellular ac-amylase. Potato-starch granules were shaken with 1-4 units of cellfree filtrate or 24-4 units of ammonium sulphate-purified extracellular oc-amylase. All incubations were at 39°a nd pH 5-5.
Hydrolysis ( Action of Clostridium butyricum cx-amylase on dissolved starch and on starch granules. The dialysed cell-free filtrate, the extract from the disrupted bacteria, and the ammonium sulphate-purified oc-amylase from C. butyricum were incubated with dissolved and raw maize starch. The intracellular bacterial extract was inactive; the extracellular oc-amylase rapidly hydrolysed maize starch, but was without action on potato-starch granules ( Table 2 ). The optimum pH for the activity of C. butyricum a-amylase was determined on soluble starch and on maize-starch granules. The enzyme had maximum activity on both substrates between pH 5-4 and 6-0.
Hydrolysis of maltotriose by the ox-amylases of Streptococcus bovis and Clostridium butyricum. Hobson & MacPherson (1952) (Whelan, Bailey & Roberts, 1953; Pazur, 1953; Pazur & Sandstedt, 1954) , the low concentration of amylase used by Hobson & MacPherson (1952) might have been insufficient to reveal any activity towards maltotriose (cf. Walker & Whelan, 1960) . Accordingly, the hydrolysis of maltotriose was attempted with 50 times as much amylase as was used by Hobson & MacPherson (1952 Vol. 90 production of maltose from starch solution occurred 180 times as fast as that from maltotriose. The corresponding value for crystalline salivary czamylase was 420. The amylase of S. bovi8 was, therefore, at least as active as salivary x-amylase towards maltotriose. A portion of the S. bovi8 a-amylase-maltotriose digest was inactivated, and the products were separated by chromatography on charcoal-Celite (Whistler & Durso, 1950) . Reducing-power determinations on glucose in the water eluate and maltose in the 7-5 % (v/v) ethanol eluate showed that the two sugars were present in equimolar proportions. The reaction was, therefore, a true hydrolysis.
C. butyricum oc-amylase did not hydrolyse maltotriose under these conditions, and when the experiment was repeated with 135 times as much enzyme no increase in reducing power was obtained, and no trace of glucose and maltose could be seen on paper chromatograms. Table 4 shows the action of several oc-amylases on maltotriose relative to that on starch solution; C. butyricum oc-amylase occupies an unusual position owing to its complete lack of activity towards maltotriose.
Both S. boviB and C. butyricum oc-amylases were free from maltase activity.
Limit of hydroly8i8 of di8so0ved starch and maizestarch granules by the amylases of Streptococcus Table 3 . Action of Streptococcus bovis and Clostridium butyricum cx-amylases on maltotriose One amylase unit is equivalent to 375 units as defined by Hobson & MacPherson (1952) . Incubation was for 24 hr. Hydrolysis of maltotriose bovis and Clostridium butyricum. The oc-amylases of S. bovis and C. butyricum display different affinities for maltotriose, and, since in both cases the affinity for maltotriose is far less than for starch, it was expected that the limit of hydrolysis of starch would depend on the concentration of enzyme added. A 'dilute' enzyme concentration may be defined as being able to hydrolyse starch rapidly into products that can be further hydrolysed only by the addition of higher concentrations of enzyme. Purified S. bovis oc-amylase was incubated with maize-starch solution and with maize-starch granules, and the course of the hydrolysis was followed by determining the increase in reducing power of the digests (Fig. 1) . There was an arrest point at 70 % conversion into apparent maltose.
After this had been reached, the concentration of B. subtili8 C. butyricum enzyme was twice raised and the two further periods of incubation raised the limit of conversion to 120 %. Glucose, maltose and maltotriose were the three main products revealed by paper chromatography at the first arrest point, and only a trace of maltotriose remained when the reaction with amylase was complete. Among the branched dextrins of low R1, two prominent spots that had moved 0-28 and 0-20 of the distance moved by maltose could be seen. The corresponding values for maltotriose and maltotetraose controls were 0-60 and 0-42.
Maize-starch granules were shaken with 2-5 amylase units/ml., and additions of enzyme were made at 26 and 100 hr. The results for the final limit of conversion into maltose were the same as those obtained with dissolved starch for both S. bovis a-amylase and C. butyricum o-amylase.
Starch-purified C. butyricum oc-amylase reached an apparent arrest point at 70 % hydrolysis of starch ( Fig. 1 ). The addition of more enzyme to restore the initial (0-25 unit/ml.) concentration had no effect, but the hydrolysis of starch was raised to 90 % by higher concentrations of enzyme. Examination of paper chromatograms at various stages of the reaction showed that at 25 % hydrolysis the main products were maltotriose, maltotetraose and maltopentaose with a smaller amount of maltose.
At 40 % hydrolysis a trace of glucose could be seen and the maltose spot was stronger. When the first arrest point was reached the main products were maltose and maltotriose with smaller amounts of glucose and maltotetraose. The final products were glucose, maltose and maltotriose, and limit dextrins, thathad moved 0-25, 0-15 and 0-10 of the distance moved by maltose, had separated from the more slowly moving products. Walker & Hope (1963) , during a study of the hydrolysis of starch granules by amylases from different sources, found that the amylases varied in their adsorption on starch granules. Salivary and pancreatic oc-amylases could rapidly digest maizestarch granules, and these enzymes were adsorbed on the granules at 350, the degree of adsorption increasing with decreasing temperature. Bacillus subtilis oc-amylase hydrolysed maize-starch granules more slowly, and the enzyme was adsorbed at 3°b ut not at 35°. Aspergillus oryzae oc-amylase and sweet-potato fl-amylase had no action on maizestarch granules, and were not adsorbed on the granules at any temperature. It seemed probable that amylases that could be adsorbed on cerealstarch granules at 0°were capable of degrading the granules. Ammonium sulphate-purified a-amylases from S. bovis and C. butyricum were shaken with maizestarch granules for 30 min. at various temperatures. The starch was removed by centrifuging, and the activity of the amylase remaining in the supernatant was compared with that in controls that had not been in contact with starch granules. Both amylases showed considerable adsorption at 00, but the adsorption was less marked at 390 (Table 5) . These enzymes therefore occupy a position intermediate between Bacillus subtilis oc-amylase and that of salivary and pancreatic a-amylases.
Action of Bacteria 1961 on maize and potato starch. The amylase system in the extract Bacteria 1961 was able to hydrolyse maize-starch granules, the value for D/R being 53. This is double the value obtained with the oc-amylase of S. bovis and C. butyricum and is probably an average value, some of the amylases in Bacteria 1961 being more active, whereas others may possibly be without action on starch granules. Maize-starch granules were attacked 7 times as rapidly as those of potato. When 0-3 M-phosphate buffer replaced tris-maleate buffer the starch granules were digested rapidly, the effect on potato-starch granules being more pronounced (Table 6 ). The effect of increasing concentrations of inorganic phosphate is shown in No trace of material having R., less than that of maltotriose was seen on chromatograms examined at intervals during the hydrolysis of maltotriose.
When the oc-amylases of S. bovis and C. butyricum are incubated with amylose, the iodine stain of the polysaccharide changes from blue through purple to red. These colour changes were not clearly seen with the amylase of Bacteria 1962; the red-staining dextrins presumably had only a transient existence, being hydrolysed at a rate comparable with that of amylose. The light-absorption curves of the iodinestained degradation products are shown in Fig. 3 . This amylase was unusual also in the high reducing power liberated during the initial stages of the reaction with amylose. When the absorption value of the iodine-stained amylose had fallen to 10 % of the initial value, the apparent conversion into maltose was 50 % (Fig. 4) . Curves obtained by Hobson & MacPherson (1952) for the amylases of S. bovis, C. butyricum and saliva, and a curve obtained with crystalline f-amylase from sweet potato, are shown in Fig. 4 for comparison. The apparent conversion into maltose at any given fall in absorption value increased with the known ability of the amylase to hydrolyse maltotriose. C. butyricum cL-amylase, being unable to hydrolyse maltotriose, gave the lowest development of reducing power. S. bovis a-amylase was more active than salivary o-amylase, and the enzyme from Bacteria 1962, which rapidly hydrolysed maltotriose, produced a curve which approached that of fi-amylase.
When the enzyme was incubated with dissolved starch under conditions identical with those used for S. bovis a-amylase and C. butyricum oc-amylase, only one arrest point could be distinguished. The was incubated at 390 with amylase (1.25 units) in 25 ml.
Portions (0-25 ml.) of the digest were withdrawn at intervals, stained with iodine solution (0-25 ml.) and diluted to 25 ml. The iodine solution contained iodine (2 g./l.) and potassium iodide (20 g./l.). The times at which samples were taken from the digest were: A, O min.; B, 15 min.; C, 30 min.; D, 60 min.; E, 120 miM.
hydrolysis continued without an inflexion point until the apparent conversion into maltose was 117 %. More enzyme was added to raise the amylase activity to its initial value, and the limiting conversion into maltose was found to be 125% (Fig. 5) . During the hydrolysis the main products detected by paper chromatography were glucose and maltose. At 1 hr. a small maltotriose spot was seen, and maltose was more prominent than glucose. Thereafter maltotriose appeared only in trace amounts, and branched dextrins having 0 45 and 0-24 of the mobility of maltose were more significant. 
DISCUSSION
Starch-digesting rumen streptococci have been isolated in many laboratories (Van der Wath, 1948; Hungate, Dougherty, Bryant & Cello, 1952; Higginbottom & Wheater, 1954; Hungate, 1957) , and it has generally been accepted that S. bovis is one of the principal starch-fermenting bacteria in the rumen of sheep and cattle (Annison & Lewis, 1959) . However, S. bovis does not invariably increase in numbers when starch is present in large amounts. When Krogh (1961) (Table 5 ). These four aamylases were also simnilar in their adsorption on maize-starch granules at 00, and use was made of this property in the purification of the bacterial a-amylases. The apparent inability of filtrates of pig-caecum C. butyricum to digest starch granules as observed by Nasr (1950a) might be the result of using low concentrations of enzyme.
The results obtained with extracts of mixed rumen bacteria indicate the existence of various types of amylase. The intracellular-amylase system of Bacteria 1962 was completely different from the extracellular amylases of S. bovi8 and of C. butyricum; whereas the former had a rapid action on maltotriose and little action on starch granules, the last two enzymes could digest starch granules but only S. bovis c-amylase could hydrolyse maltotriose slowly. These differences in the activity of the amylases towards maltotriose are responsible for the differing limits of conversion of starch by the enzymes (Figs. 2 and 5) , and for the different concentration of amylase required to bring about complete hydrolysis of starch. The question may be posed whether the action of Bacteria 1962 on starch and on maltotriose is due to the same amylase. There was no separation of the two functions on DEAE-cellulose, and the purified enzyme had the same action on maltotriose relative to starch as did the crude extract. This enzyme may therefore be an amylase that can attack all oc-(1-4)-glucosidic linkages at random, regardless of their proximity to end groups. This results in the appearance of glucose at an early stage in the reaction. Sawai (1958 Sawai ( , 1960 has described an amylase of broad specificity from Candida tropicalis but this, like the amyloglucosidases of Aspergillus niger (Pazur & Ando, 1959) and Endomyces spp. (Hattori & Takeuchi, 1962) , is distinguished from the present amylase by its ability to hydrolyse maltose rapidly, and by producing glucose as the only low-molecular-weight product of the hydrolysis of starch.
Bacteria 1961, taken from a protozoa-free sheep, had an amylase system that could hydrolyse starch granules, and a further enzyme system that rapidly degraded both maize-and potato-starch granules when phosphate was present. To our knowledge a system that can degrade potato-starch granules at a rate comparable with maize has not previously been reported. Turvey & Hughes (1958) found that potato phosphorylase attacks potato-starch granules in the presence of phosphate, but the relative activity of the enzyme on dissolved starch and on starch granules was not given. Some enzymes digest potato-starch granules selectively, attacking and completely destroying a few granules at a time. Leach & Schoch (1961) found no evidence of erosion of potato starch even after 56 % solubilization by a bacterial-amylase system. When Bacteria 1962 degraded potato starch, all the granules became pock-marked within a few minutes (Plate 1 a) and a complete break-up of the granules could be seen under the microscope.
There was a strong possibility that the poor ability of the amylase in Bacteria 1962 to digest starch granules was associated with the large numbers of Entodinium spp. in the rumen during the experimental period in 1962. These protozoa ingest starch granules, and they have their own amylases which are efficient starch-granule degraders (G. J. Walker, unpublished work). It is also known that Entodinium spp. will ingest bacteria, especially diplococci (Gutierrez & Davis, 1959) . Eadie & Hobson (1962) found that the bacterial population in lambs free from ciliate protozoa was greater than that in lambs with a normal rumen fauna and fed on the same ration. The addition of an inoculum of ciliate protozoa to the protozoa-free lambs caused the number of bacteria to fall to that in the controls. The bacterial population of the wheat-fed sheep in 1962 could be lacking in true starch-fermenters because the substrate was not available. Usuelli (1930) showed that when starch (10 g.) was given to a sheep on a ration of starch-free hay, the ratio of starch within the protozoa to starch outside was 16 at 6 hr. Weller & Gray (1954) also concluded that a large part of the starch in the stomach of the sheep may be carried in the ciliate protozoa of the rumen. Their experimental sheep were fed on wheaten hay and the counts of protozoa varied between 4-2 x 105 and 4-8 x 105/ml. of rumen fluid. The partition of starch between bacteria and protozoa was approximately 34:66. In the present work the count of ciliates in 1962 was 10 times that in the sheep described by Weller & Gray (1954) , and the protozoa could be expected to remove a larger percentage of the starch from the sphere of action of the bacteria. The fact that the bacterial population of the wheat-fed sheep, when protozoa were absent (1961), contained intracellular amylases that could digest starch granules lends support to the idea that in 1962 the protozoa had taken over this function from the bacteria. It seems likely that sheep deficient in ciliates would contain a greater variety of amylolytic rumen bacteria than normal sheep, and this may account for the presence of a number of amylases in the extract of Bacteria 1961. SUMMARY 1. Extracellular a-amylases from Streptococcu bovis and Clo8tridium butyricum, and the intracellular-amylase systems of mixed rumen bacteria, were examined for their action on starch granules.
2. The o-amylases of S. bovi8 and C. butyricum rapidly degraded maize-starch granules and some preparations of S. boviw oc-amylase slowly hydrolysed potato-starch granules. The purified amylases had the same ability to hydrolyse maize-starch granules as the cell-free filtrates from which they were prepared; potato-starch granules were not degraded.
3. S. boviw and C. butyricum oa-amylases behaved in a similar manner to salivary ac-amylase in their hydrolytic action on maize-starch granules and in their adsorption on the starch granules at 00. 4. C. butyricum ac-amylase failed to hydrolyse maltotriose but was active towards maltotetraose when a high concentration of enzyme was present. S. bovia a-amylase could hydrolyse maltotriose, but a high concentration of enzyme was required. With both enzymes the apparent limit of hydrolysis of dissolved starch could be raised by the addition of larger amounts of enzyme.
5. Mixed rumen bacteria taken from a sheep fed on a high-grain diet and deficient in ciliate protozoa contained an enzyme system that degraded potatostarch granules at a comparable rate to maizestarch granules when mineral phosphate was present.
6. An amylase of wide specificity was obtained from mixed rumen bacteria taken from the grainfed sheep when large numbers of ciliate protozoa were present. The amylase had little action on starch granules and was not adsorbed on the granules at 0°. Maltotriose was hydrolysed almost as rapidly as amylose, and glucose and maltose were the only low-molecular-weight products of starch hydrolysis.
7. Because of the greatly decreased ability of the bacterial fraction to degrade starch granules when Entodinium spp. were present, the possibility is discussed that these protozoa may take over this function from the bacteria.
